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PERTURBATIONS OF THE INTERPLANETARY MAGNETIC 
FIELD BY THE LUNAR WAKE 

A b s t r a c t  

D e t a i l e d  measurements of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i n  t h e  

v i c i n i t y  of t h e  moon have been performed on t h e  Explorer  35 s e l e n o c e n t r i c  

s p a c e c r a f t  launched J u l y  1967. The o b s e r v a t i o n a l  evidence f a i l s  t o  

r e v e a l  t h e  e x i s t e n c e  of a lunar  bow shock wave. A pseudo-magnetosphere 

as suggested by Gold and i n t e r p r e t e d  from Luna 10 measurements i s  not  

observed. The i n t e r p l a n e t a r y  magnetic f i e l d  appears t o  be convected 

through t h e  l u n a r  body without  a l a r g e  scale d i s t o r t i o n  of i t s  d i r e c t i o n  

o r  magnitude. P e r t u r b a t i o n s  as much as 30% of t h e  average magnitude 

are noted i n  t h e  s o l a r  plasma umbra and penumbra. A s  t h e  s a t e l l i t e  

p a s s e s  through t h e  leeward flow an a l t e r n a t i n g  p a t t e r n  of magnitude 

i n c r e a s e s  and dec reases  i s  observed i n  t h e  penumbra wh i l e  g e n e r a l l y  

on ly  an i n c r e a s e  i s  observed i n  the umbra. Using a t h e o r e t i c a l  model 

of plasma flow due t o  Whang, a f i r s t  o r d e r  s o l u t i o n  of t h e  pe r tu rbed  

i n t e r p l a n e t a r y  magnetic f i e l d  i s  compared wi th  obse rva t ions .  It  is  

concluded t h a t  t h e  p e r t u r b a t i o n s  can be p a r t i a l l y  explained on t h e  b a s i s  

o f  t h e  magnet izat ion,  gr’ad-ient and cu rva tu re  c u r r e n t s  induced i n  t h e  d i s t u r b e d  

s o l a r  plasma flow. The umbral i nc rease  and t h e  innermost penumbral 

d e c r e a s e  are c o n s i s t e n t  w i t h  t h e  f i r s t  o r d e r  theory and it is suggested 

t h a t  a h ighe r  o r d e r  approximation is  r equ i r ed  t o  e x p l a i n  t h e  newly 

d e t e c t e d  penumbral i n c r e a s e s  and a d d i t i o n a l  penumbral f l u c t u a t i o n s .  
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I n t r o d u c t i o n  

A previous r e p o r t  (Ness e t  a l . ,  1967) has p re sen ted  e a r l y  r e s u l t s  

from t h e  NASA-GSFC magnetic f i e l d  experiment c a r r i e d  on Lunar Explorer  

35. T h i s  s a t e l l i t e  was placed i n t o  s e l e n o c e n t r i c  D r b i t  on J u l y  22, 1967 

w i t h  aposelene = 9388 & 100 km (5 .4  RM) , p e r i s e l e n e  = 2568 & 15 km 

(1.5 %) , p e r i o d = l l .  5 hours and i n i t i a l  aposelene-moon-sun ang le  = 304'. 

The i n i t i a l  i n t e r p r e t a t i o n  of these d a t a  i n d i c a t e d  t h e  absence of a 

bow shock wave formed i n  t h e  supersonic  flow of s o l a r  plasma p a s t  t h e  

moon. The NASA-GSFC magnetic f i e l d  experiment does no t  y e t  f i n d  a bow 

shock wave acrosswhich t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i n c r e a s e s  

a b r u p t l y  by a f a c t o r  of 2 t o  4 nor t h e  development of a f l u c t u a t i n g  

magnetic f i e l d  regime i n  a shea th  l a y e r .  I n  a r e l a t e d  s tudy ,  Lyon e t  

a l .  (1967) r epor t ed  the  e x i s t e n c e  of a plasma shadow r e g i o n  behind t h e  

moon i n  which a d e t e c t a b l e  s o l a r  p l a s m a  flow was absen t .  I n  a d d i t i o n  

t h e r e  appeared t o  be no evidence i n  t h e s e  d a t a  f o r  a shock wave which 

would be d e t e c t a b l e  by t h e  presence of a s h e a t h  l a y e r  of "hot" e l e c t r o n s  

and a d i s t u r b e d  p ro ton  f l u x .  These r e s u l t s  do not  support  t h e  ear l ier  

i n t e r p r e t a t i o n s  of t h e  e x i s t e n c e  of a luna r  magnetosphere from measure- 

ments performed by t h e  Luna 10 s p a c e c r a f t  i n  1966 (Dolginov e t  a l . ,  1967). 

A f e a t u r e  o f  t h e  magnetic f i e l d  obse rva t ions  noted by Ness e t  a l .  

(1967) and Colburn e t  a l .  (1967) w a s  t h e  e x i s t e n c e  of i n c r e a s e s  i n  t h e  

i n t e r p l a n e t a r y  magnetic f i e l d  magnitude i n  t h e  s o l a r  wind shadow reg ion  

and a s s o c i a t e d  dec reases  of t h e  magnitude i n  t h e  penumbral r e g i o n  of 

t h e  s o l a r  plasma flow. On the  b a s i s  of t h e  absence of a l a r g e  scale 

d i s t u r b a n c e  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i n  t h e  flow p a s t  t h e  

moon, Whang (1967)  developed a theory of plasma flow based upon a guiding 

c e n t e r  approximation. I n  t h i s  model t he  s o l a r  p l a s m a  is t r e a t e d  as a 
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c o l l i s i o n l e s s  gas wi th  one dimensional thermal motion of t h e  

p ro tons  only along magnetic f i e l d  l i n e s .  A long non-ax ia l ly  

symmetrical wake r e g i o n  i s  developed behind t h e  moon i n  which a p l ane  

of symmetry e x i s t s  de f ined  by t h e  l o c a l  s o l a r  wind v e l o c i t y  and i n t e r -  

p l a n e t a r y  magnetic f i e l d  d i r e c t i o n .  

depends upon both t h e  d i r e c t i o n  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  

and t h e  thermal energy of t h e  p ro tons ,  i . e . ,  t h e  r a t i o  of t h e  mean 

random v e l o c i t y  of t h e  s o l a r  plasma t o  i t s  bu lk  v e l o c i t y .  

The exac t  geometry of t h e  wake 

It i s  the  purpose of t h i s  paper t o  p r e s e n t  a d d i t i o n a l  o b s e r v a t i o n a l  

evidence support ing t h e  o r i g i n a l  conclusions by Ness e t  a l .  (1967) 

on t h e  absence of a d e t e c t a b l e  shock wave and t o  s tudy  i n  d e t a i l  t h e  

P e r t u r b a t i o n s  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i n  t h e  luna r  wake. 

These measurements w i l l  then be compared w i t h  t h e o r e t i c a l  r e s u l t s  

based upon t h e  Whang model of t h e  s o l a r  plasma flow. 

a r e  due t o  magnet izat ion,  g r a d i e n t  and c u r v a t u r e  c u r r e n t s  

i n  t h e  d i s tu rbed  s o l a r  plasma flow. 

around the  moon have been conducted by Michel (1967 a ,b)  and Johnson 

and Midgley (1967) and t h e i r  r e l a t i o n  t o  the p r e s e n t  s tudy  s h a l l  be 

The p e r t u r b a t i o n s  

S t u d i e s  of t h e  s o l a r  plasma flow 

d i scussed .  

The da ta  t o  be p re sen ted  i n  t h i s  r e p o r t  cover o n l y  t h e  i n t e r v a l  

from J u l y  29- August 6,  1967. These d a t a  fo l low s h o r t l y  a f t e r  those 

d i scussed  in  t h e  ear l ie r  p u b l i c a t i o n  by Ness e t  a l .  (1967) and r e p r e s e n t  

an i n t e r v a l  of time d u r i n g  which t h e  moon's p o s i t i o n  r e l a t i v e  t o  

t h e  e a r t h  changes from t h i r d  q u a r t e r  t o  new moon. During t h i s  t i m e  

i n t e r v a l  RF shadowing of t h e  s p a c e c r a f t  is  r e s t r i c t e d  t o  nea r  t h e  t i m e  

of aposelene and a continuous monitoring of t h e  i n t e r p l a n e t a r y  magnetic 

f i e l d  i n  the leeward p o r t i o n  o f  t h e  l u n a r  wake is p o s s i b l e .  Ana lys i s  
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of d a t a  ob ta ined  from subsequent o r b i t s  l e a d s  t o  t h e  same conclusions 

reached from a d e t a i l e d  s tudy of t h i s  l i m i t e d  i n t e r v a l  of d a t a .  As 

w i l l  be seen  t h e r e  e x i s t s  a v a r i e t y  of new o b s e r v a t i o n a l  f e a t u r e s ,  

most of which f i t  i n t o  a coherent p a t t e r n  of small p e r t u r b a t i o n s .  
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Data Analysis 

D e t a i l s  of t he  NASA-GSFC magnetic f i e l d  experiment on Explorer  35 

have been presented i n  t h e  p rev ious  p u b l i c a t i o n  by Ness e t  a l .  (1967).  

A p a r t i c u l a r l y  i n t e r e s t i n g  b u t  a l s o  complicating a spec t  o f  t h e  s p a c e c r a f t  

system has been i t s  performance i n  the  o p t i c a l  shadow of t h e  moon. I n  

t h e  absence of a s o l a r  i n p u t ,  a l l  d i r e c t i o n a l  r e f e r e n c e s  on t h e  

s p a c e c r a f t  would be l o s t  were it not  f o r  t h e  i n c l u s i o n  of a pseudo-sun 

p u l s e  which provides  a t iming r e f e r e n c e  s i g n a l  through t h e  l u n a r  shadow. 

The t i m e  i n t e r v a l  between success ive  sun pu l ses  during t h e  l u n a r  shadow 

is  equal  t o  the  l a s t  s p i n  pe r iod  obtained i n  s o l a r  

i l l umina t ion .  I f  t h e  s p a c e c r a f t  r o t a t i o n  r a t e  remained c o n s t a n t  through 

l u n a r  shadow then t h i s  would provide a reasonable  e s t i m a t e  f o r  

computation o f  d i r e c t i o n a l  r e f e r e n c e s .  

An i n t r i n s i c  f e a t u r e  of t h e  s p a c e c r a f t ,  however, i s  t h a t  i n  luna r  

shadow the  r o t a t i o n  r a t e  i n c r e a s e s ,  due t o  thermal c o n t r a c t i o n  and t h e  

conservat ion of  angular  momentum. A s  t h e  s p a c e c r a f t  l o s e s  t h e  h e a t  

input  f r o m t h e  sun i t  is  cooled and c o n t r a c t s .  T h i s  c o n t r a c t i o n  

dec reases  the angular  moment of i n e r t i a  and hence t h e  s p a c e c r a f t  r o t a t i o n  

ra te  must increase.  A s  t h e  s p a c e c r a f t  emerges from l u n a r  shadow t h e  

p rocess  i s  r eve r sed  and the s p a c e c r a f t  d e - s p i n s  t o  i t s  o r i g i n a l  

r o t a t i o n  r a t e .  

The ne t  change i n  r o t a t i o n  pe r iod  throughout t h i s  o p t i c a l  shadow, 

of g e n e r a l l y  30 t o  40 minutes i n  l e n g t h ,  is on ly  ( a  few) about one p a r t  i n  a 

thousand, a c t u a l l y  2 p a r t s  i n  1837. However, during t h e  30 minute 

i n t e r v a l ,  with a nominal 2 . 2 9  second s p i n  p e r i o d ,  t h e  s l i g h t  change i s  

s u f f i c i e n t  so t h a t  d i r e c t i o n a l  measurements a t  t he  end of t h e  o p t i c a l  
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shadow are i n  e r r o r  by 360° o r  more due t o  t h e  cumulative e f f e c t s  

du r ing  t h e  more t h a n  1000 r o t a t i o n s  of t h e  s a t e l l i t e .  

A d e t a i l e d  s tudy  of t h i s  phenomenon and a numer i ca l - ana ly t i ca l  

technique f o r  r e c t i f i c a t i o n  of d i r e c t i o n a l  measurements i n  t h e  o p t i c a l  

shadow of t h e  moon has  been conducted by Taylor  (1967). I n  t h i s  paper 

experimental  r e s u l t s  are p resen ted  i n  which d i r e c t i o n a l  r e f e r e n c e s  

have been c o r r e c t e d  f o r  t h e  v a r i a b l e  s p i n  r a t e  of t h e  s p a c e c r a f t  both 

i n  o p t i c a l  shadow and t h e r e a f t e r .  The accuracy of t h e  c o r r e c t i o n  

procedure i s  e s t ima ted  a t +  10 . It may be noted t h a t  t h i s  c o r r e c t i o n  

is  app l i ed  only t o  t h e  azimuthal angle ,  @, so t h a t  none of t h e  d i r e c t i o n a l  

u n c e r t a i n t y  i s  p r e s e n t  i n  t h e  l a t i t u d i n a l  ang le ,  8. 

0 

While i n  t h e  d i r e c t  solar i l l u m i n a t i o n  d i r e c t i o n a l  measurements 

are l i m i t e d  by t h e  s e n s i t i v i t y  and accuracy of t h e  instrument  (2 . l y  

and f- O.*, r e s p e c t i v e l y )  and t h e  accuracy w i t h  which t h e  s p i n  axis 

o r i e n t a t i o n  i t s e l f  is known (2 2 ). 

f i e l d  of 6 gamma t h e  s e n s i t i v i t y  u n c e r t a i n t y  l e a d s  t o  a d i r e c t i o n a l  

u n c e r t a i n t y  of _+ 1 . Thus f o r  a l l  t h e  measurements r epor t ed  h e r e ,  

magnitudes are p resen ted  w i t h  an accuracy of ~f 0 . 3 ~  and d i r e c t i o n s  are 

p resen ted  w i t h  an  u n c e r t a i n t y  of l e s s  t han  3 O  w h i l e  t h e  s p a c e c r a f t  i s  

i n  s u n l i g h t ,  b u t  perhaps as much as 10 dur ing  t h e  o p t i c a l  shadow. 

Experimental  d a t a  t o  be reported are t h e  sequence averages i n  

0 I n  a t y p i c a l  i n t e r p l a n e t a r y  magnetic 

0 

0 

s e l e n o c e n t r i c  s o l a r  e c l i p t i c  coordinates  computed from nominally 16 

measurements a t  5.12 second i n t e r v a l s .  Computation of t h e  RMS 

d e v i a t i o n  of bo th  t h e  magnitude (6F) and t h e  s e p a r a t e  components (6C) 

has  been included.  The magnitude and component d e v i a t i o n s  a r e  de f ined  

as 
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and 

N 5 16 .  These two q u a n t i t i e s  a r e  p a r t i c u l a r l y  d i a g n o s t i c  i n  a 

s tudy  of the s o l a r  wind i n t e r a c t i o n  w i t h  t h e  moon f o r  t hey  a r e  s e n s i t i v e  

t o  t h e  ex i s t ence  of a s h e a t h  r eg ion  i n  which f l u c t u a t i n g  magnetic 

f i e l d s  would be r e a d i l y  i d e n t i f i e d .  Note t h a t  6 C  2 6F always. 

The r e l a t i v e  geometry of t h e  s a t e l l i t e  o r b i t  has been shown i n  

F igu re  2 of t h e  ear l ier  p u b l i c a t i o n  of Ness e t  a l .  (1967). The d a t a  

t o  be presented i n  t h i s  paper cover t h e  i n t e r v a l  from J u l y  29-August6 

and t h e  r e l a t i v e  o r b i t a l  parameters are changed on ly  s l i g h t l y  i n  a 

s e l e n o c e n t r i c  s o l a r  e c l i p t i c  system, the  aposelene-moon-sun angle  

dec reas ing  from QSSE = 290° t o  284O. 

s a t e l l i t e  i s  i n c l i n e d  a t  169' t o  t h e  s e l e n o c e n t r i c  s o l a r  e c l i p t i c  

S ince  t h e  o r b i t a l  p l ane  o f  t h e  

e q u a t o r i a l  plane,  i . e . ,  almost p a r a l l e l ,  t he  t h r e e  dimensional 

p o s i t i o n a l  r e fe rence  can reasonably be approximated by t h e  s e l e n o c e n t r i c  

s o l a r  e c l i p t i c  l ong i tude  ( @  ) and t h e  s e l e n o c e n t r i c  d i s t a n c e  RAD 

as measured i n  u n i t s  of l una r  r a d i i  (1 RM = 1738.1 km). 

i n t e r p r e t a t i o n  of t h e  r e s u l t s ,  t h e  p o s i t i o n  of t h e  o r b i t  r e l a t i v e  t o  

SSE 
For 

t h e  p rev ious ly  de f ined  "plane of symmetry" i s  a l s o  important .  

The d a t a  t o  be p re sen ted  are f i n a l  p roduc t ion  d a t a  from which p o s s i b l e  

n o i s e  p o i n t s  have been e l imina ted .  The t h r e s h o l d  c r i t e r i a  used t o  d e l e t e  

a p a r t i c u l a r  average f i e l d  v e c t o r  a r e  

(i) 
( i i )  more t h a n  20% of t h e  i n d i v i d u a l  measurements used i n  

6C/F > -33 and dC 2 . 9 5  o r  

computing the  average a r e  mis s ing ,  i . e .  N - < 12. 

There a r e  a l s o  obvious gaps i n  t h e  d a t a  p l o t s  which correspond t o  



- I -  

per iods  when t h e  s p a c e c r a f t  i s  i n  t h e  range and range r a t e  mode. No 

s c i e n t i f i c  d a t a  i s  t r ansmi t t ed  dur ing  t h e s e  i n t e r v a l s ,  of approximately 

10 minutes ( 8  sequences).  

t h e  s p a c e c r a f t  w a s  approximately 90° i n  azimuth from t h e  moon-sun l i n e ,  

The ranging mode was scheduled f r equen t ly  when 

@SSE = goo .  

. 
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Experimental  Observat ions 

I n  Figure 1 t h e  r e s u l t s  are shown f o r  2 o r b i t a l  pas ses  i n  l a t e  

J u l y  when t h e  moon w a s  i n  t h e  i n t e r p l a n e t a r y  medium. I n  t h e  upper 

h a l f  of the f i g u r e  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  magnitude is  

observed to be pe r tu rbed  i n  a ve ry  c h a r a c t e r i s t i c  manner. As t he  

s p a c e c r a f t  approaches t h e  l u n a r  o p t i c a l  shadow t h e r e  i s  a small 

i n c r e a s e  from 7 . 5 ~  t o  8 . 5 ~  i n  t he  magnetic f i e l d  a t  1610 UT on J u l y  29 

followed by a dec rease  t o  6 . 5 ~  and then a much broader i n c r e a s e  t o  

approximately 8 . 7 ~  i n  t h e  o p t i c a l  shadow. S e v e r a l  d a t a  p o i n t s  are 

missing t h e r e a f t e r  bu t  a decreased f i e l d  i s  r e a d i l y  i d e n t i f i e d  followed 

by an  increased f i e l d .  Then t h e  i n t e r p l a n e t a r y  f i e l d  r e t u r n s  t o  nea r  

its preshadow va lue  i n  both d i r e c t i o n  and magnitude. 

I t  is  to  be noted t h a t  t he  p e r t u r b a t i o n s  of t h e  magnetic f i e l d  

magnitude i n  t h i s  example are c l e a r l y  i d e n t i f i e d  a s  a c h a r a c t e r i s t i c  

p a t t e r n  of a s h o r t  d i p o l a r  + -, a longer  +, and f i n a l l y  a s h o r t  d i p o l a r  

- + anomaly wii:h + and - r e p r e s e n t i n g  an i n c r e a s e  and d e c r e a s e ,  

r e s p e c t i v e l y .  The magnetic f i e l d  p e r t u r b a t i o n s  a r e  about a gamma i n  

an average f i e l d  o f  7 . 5 y ,  a p e r t u r b a t i o n  of less than  20%. Note t h a t  

t h e  angu la r  d e v i a t i o n  of t h e  f i e l d  d i r e c t i o n  measured by 8 appea r s  

t o  be no more than  about 20 , whi le  t h e r e  appea r s  to be a s l i g h t  

c h a r a c t e r i s t i c  v a r i a t i o n  i n  t h e  azimuthal  d i r e c t i o n  @ from p r e  t o  

postshadow. 

0 

The lower h a l f  of F i g u r e  1 d i s p l a y s  an a d d i t i o n a l  t r a v e r s e  

through t h e  lunar  wake on J u l y  30 i n  which t h e  s h a r p l y  d e f i n e d  f e a t u r e s  

d i s c u s s e d  above a r e  no t  i d e n t i f i e d .  While a r a t h e r  broad d e c r e a s e  is 

. 
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observed bo th  p r e  and postshadow, a shadow i n c r e a s e  i s  no t  c l e a r l y  

d e t e c t e d .  A unique p a t t e r n  of t h e  8 p e r t u r b a t i o n  i n  t h e  shadow i s  

noted. The f l u c t u a t i o n s  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  as 

measured by t h e  parameters 6C and 6F are d i f f e r e n t  i n  t h e s e  two passes 

but  t h e  o r i e n t a t i o n  ( 0 ,  @) is approximately the  same. However, t h e r e  

i s  no evidence f o r  t h e  e x i s t e n c e  of a l una r  a s s o c i a t e d  r eg ion  i n  which 

t h e  magnetic f i e l d  suddenly inc reases  a t  a shock s u r f a c e  and an onse t  

of i nc reased  f l u c t u a t i o n s  is observed. For  t h e  r e l a t i v e  p o s i t i o n  of 

the s p a c e c r a f t  o r b i t ,  a shock wave would be expected t o  be observed 

between t h e  r eg ion  de f ined  by GSSE = 135 0 t o  gSSE = 45'. 

I n  F igu re  2 are r ep resen ted  successive o r b i t a l  pas ses  on August 1 

i n  which the  gene ra l  p a t t e r n  of f l u c t u a t i o n s  o r  p e r t u r b a t i o n s  i n  t h e  

l u n a r  wake is  somewhat d i f f e r e n t  than shown i n  F igu re  1. I n  F igu re  2a,  

it i s  noted t h a t  t h e r e  is a general  i nc rease  of t h e  magnetic f i e l d  

throughout t h e  per turbed wake region although t h e r e  s t i l l  e x i s t s  a 

sugges t ion  of t h e  c h a r a c t e r i s t i c  + - + - + p e r t u r b a t i o n  p a t t e r n .  

C l e a r l y ,  

i n  F igu re  la.  The apparent i nc rease  i n  magnetic f l u c t u a t i o n s  i n  t h e  

l u n a r  wake du r ing  t h i s  i n t e r v a l ,  as measured by S C ,  i s  somewhat unique 

and g e n e r a l l y  not  a c h a r a c t e r i s t i c  f e a t u r e  of t h e  obse rva t ions .  

t h e  penumbral d i p o l a r  anomalies are not  as w e l l  developed as 

I n  F igu re  2b, t h e  w e l l  developed + - d i p o l a r  p e r t u r b a t i o n  i n  t h e  

s o l a r  plasma penumbra i s  observed on e n t r y  b u t  t h e  remainder of t h e  

l u n a r  wake r e g i o n  i s  almost lacking of c h a r a c t e r i s t i c  p e r t u r b a t i o n s  

d e t e c t e d  p rev ious ly .  N o  i d e n t i f i a b l e  umbral i n c r e a s e  is noted. 

I n  F igu re  3 a r e  p re sen ted  the 2 o r b i t a l  pas ses  on August 2 i n  

which t h e  r e a d i l y  i d e n t i f i a b l e  d i p o l a r  anomalies i n  t h e  s o l a r  plasma 
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penumbras a r e  p re sen t  a l though t h e  t i m e  i n t e r v a l  and p o s i t i o n  r e l a t i v e  

t o  t h e  o p t i c a l  shadow a r e  d i f f e r e n t .  I n  F igu re  3a,  t h e  r e l a t i v e  

i n c r e a s e  i n  t h e  luna r  shadow of t h e  magnetic f i e l d  between 0110 and 0140 

i s  ve ry  small .  I n  F igu re  3b, t h e  well-developed d i p o l a r  penumbral 

anomaly i s  r e a d i l y  i d e n t i f i e d  near  1230 whi l e  t h e  p e r t u r b a t i o n  t o  

t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i n  t h e  s o l a r  plasma umbra is  

missing any inc rease  g e n e r a l l y  being less than $. Here the  

f l u c t u a t i o n s  of t h e  magnetic f i e l d ,  as measured by 6 C  and 6 F ,  are seen  

t o  be extremely low and it i s  i n f e r r e d  t h a t  t h i s  t i m e  i n t e r v a l  r e p r e s e n t s  

a pe r iod  during which t h e  i n t e r p l a n e t a r y  medium was ve ry  s t eady  and 

uniform over a t h r e e  hour i n t e r v a l .  No evidence is found f o r  a detached 

bow shock wave, i n  t h i s ,  o r  indeed i n  any of t h e s e  d a t a .  

I n  Figure 4 are p resen ted  two success ive  se t s  of r e s u l t s  ob ta ined  

on August 3 and 4 .  The d a t a  i n  F i g u r e  4 a  d i s p l a y  t h e  c h a r a c t e r i s t i c  

p a t t e r n s  of + - + - + p e r t u r b a t i o n s  found p rev ious ly .  Note h e r e  t h a t  

t h e  p e r t u r b a t i o n s  are s i m i l a r  t o  t hose  p rev ious ly  obtained w i t h  r e a d i l y  

i d e n t i f i a b l e  i n c r e a s e s  preceding the  dec reases  i n  t h e  s o l a r  plasma 

penumbra. 

A c l a s s i c  example of t h e  p e r t u r b a t i o n  of t h e  i n t e r p l a n e t a r y  magnetic 

f i e l d  by the l u n a r  wake i s  shown i n  F igu re  4b. The c h a r a c t e r i s t i c  

f e a t u r e  of a + - + - + anomaly i s  c l e a r l y  observed. I n  a d d i t i o n ,  t h e r e  

appear t o  be a d d i t i o n a l  + - and - + p e r t u r b a t i o n s  i d e n t i f i a b l e  e x t e r i o r  

t o  those  noted i n  the  preshadow d a t a .  

Add i t iona l  obse rva t ions  obtained on August 4 and 5 a r e  shown i n  

Figure 5 which r e v e a l  t h e  wide v a r i e t y  of p e r t u r b a t i o n s  of t h e  

i n t e r p l a n e t a r y  magnetic f i e l d  observed i n  t h e  luna r  wake. I n  F i g u r e  5a 
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i t  is  seen  t h a t  t h e  l ead ing  anomalies i n  t h e  s o l a r  plasma penumbra 

are much broader than p rev ious ly  observed b u t  t h a t  t h e  p e r t u r b a t i o n  

postshadow is  q u i t e  d i f f e r e n t  i n  t h a t  it i s  observed f o r  a much s h o r t e r  

t i m e  i n t e r v a l .  I n  F igu re  5b t h e r e  appears t o  be an absence of t h e  

c h a r a c t e r i s t i c  penumbral d i p o l a r  p e r t u r b a t i o n s  p rev ious ly  observed. 

I n  F igu re  6 a r e  shown t h e  l a s t  two experimental  se ts  of obse rva t ions  

t o  be presented, obtained on August 5 and 6 .  The c h a r a c t e r i s t i c  + - + -  + 
p a t t e r n  of p e r t u r b a t i o n s  is again observed i n  both o r b i t a l  pas ses .  

To summarize t h e s e  experimental  obse rva t ions  we note  t h e  following: 

gene ra l ly  t h e r e  i s  an  i n c r e a s e  i n  magnitude of t h e  i n t e r p l a n e t a r y  

magnetic f i e l d  d e t e c t e d  i n  t h e  s o l a r  plasma umbral shadow of t h e  moon 

of up t o  about 3y. A r e l a t i v e  decrease of up t o  4y  i s  

f r e q u e n t l y  noted on e i t h e r  s i d e  of t he  umbral shadow inc rease .  These 

d e c r e a s e s  g e n e r a l l y  occur i n  o r  near t he  penumbral p l a sma  shadow of t h e  

moon and are bounded on t h e  e x t e r i o r  by a d d i t i o n a l  i n c r e a s e s  i n  t h e  

magnitude of t h e  f i e l d .  Thus t h e  c h a r a c t e r i s t i c  anomalies i n  t h e  

penumbral r eg ions  c o n s i s t  of an  e x t e r i o r  i n c r e a s e  and an  i n t e r i o r  

dec rease  on e i t h e r  s i d e  of t h e  umbral i nc rease .  The penumbral d i p o l a r  

anomalies a r e  not symmetrical i n  t h e i r  magnitude o r  t i m e  l eng th  as 

observed by t h e  s p a c e c r a f t .  Th i s  is  i n t e r p r e t e d  t o  r e p r e s e n t  a f e a t u r e  

r e l a t e d  t o  t h e  s e l e n o c e n t r i c  o r b i t  i n  which t h e  preshadow penumbral 

anomalies a r e  observed a t  a r a d i a l  d i s t a n c e  of approximately 2 . 5  5.i 
whi le  t h e  postshadow d i p o l a r  anomalies are observed a t  only 1.6 RM. 

I n  a d d i t i o n  t h e  s p a c e c r a f t  i s  moving more s lowly a t  t h e  g r e a t e r  r a d i a l  

d i s t a n c e  and t h i s  d i s t o r t s  t h e  apparent l e n g t h  and e x t e n t  o f  t h e  anomaly. 

The p e r t u r b a t i o n s  observed p r e - o p t i c a l  shadow g e n e r a l l y  extend i n t o  t h e  

o p t i c a l  shadow pe r iod .  



A unique f e a t u r e  of t hese  d a t a  i s  t h a t  t h e  p re  and postshadow 

p e r t u r b a t i o n s  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  c o n s i s t  not  only 

of a decrease bu t  a l s o  an i n c r e a s e  of t h e  f i e l d .  Moreover, on 

s e v e r a l  occasions t h e r e  is an i n d i c a t i o n  t h a t  a d d i t i o n a l  i n c r e a s e s  

and decreases  e x i s t  f u r t h e r  out  from t h e  umbra. The development of 

a p a t t e r n  of  a l t e r n a t i n g  i n c r e a s e s  and dec reases  i s  ev iden t  i n  t h e  

d a t a  obtained i n  t h e  s o l a r  p lasma penumbra. Usual ly  they appear 

i n  pa i r ed  form, i . e . ,  always a preshadow + and - whi le  postshadow 

they appear as  - +. 
dec reases  r a p i d l y  as t h e  o r d e r  of t h e  p a t t e r n  i n c r e a s e s .  I n  many 

ins t ances  only t h e  innermost d i p o l a r  anomalies are  r e a d i l y  i d e n t i f i e d .  

I n  a l l  ca ses  t h e  magnitude of t h e  anomalies 
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Induced E l e c t r i c  Cur ren t s  and Associated Magnetic F i e l d s  

I n  o r d e r  t o  c a l c u l a t e  t h e  p e r t u r b a t i o n s  of t h e  i n t e r p l a n e t a r y  

magnetic f i e l d  i n  t h e  luna r  wake, i t  is necessary t o  know t h e  e l e c t r i c  

c u r r e n t s  i n  t h e  plasma. I n  t h i s  s e c t o r  t hese  c u r r e n t s  and t h e  

p e r t u r b a t i o n s  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  a r e  d i scussed  

t h e o r e t i c a l l y .  

ob ta ined  which approximates a s e l f - c o n s i s t e n t  s o l u t i o n  f o r  t h e  f i e l d  

and t h e  c u r r e n t s .  Th i s  s o l u t i o n  exp la ins  both t h e  i n c r e a s e  of 

magnetic f i e l d  i n  t h e  umbra and a decrease i n  t h e  penumbra. It a l s o  

s u g g e s t s  t h e  presence of p e r i o d i c  inc reases  and dec reases  o u t s i d e  t h e  

umbra. 

A f i r s t  o r d e r  s o l u t i o n  of Maxwell's equa t ions  has been 

The v a r i a t i o n  of t h e  magnetic f i e l d  i s  governed by Maxwell's 

equa t ions  

I n t r o d u c i n g  a 

t h a t  v - A  = 0 ,  
- 5  

v . B = O  - 

and 

v x B = -  411 J. 
c -  - ( 3 )  

v e c t o r  p o t e n t i a l  A such t h a t  

t hen  w e  have 

= 0 x z A ,  and r e q u i r i n g  

477 9 ^ A _ = - -  J 
c -  z 

Once t h e  d i s t r i b u t i o n  of c u r r e n t  dens i ty  i n  t h e  luna r  wake i s  known, 

equa t ion  ( 4 )  can be solved f o r  - A and thus  g obtained.  

I n  t h i s  s tudy  t h r e e  Sources of c u r r e n t  a r e  considered; t h e  

magnet izat ion c u r r e n t ,  t h e  g rad ien t  d r i f t  c u r r e n t  and t h e  c u r v a t u r e  

d r i f t  c u r r e n t .  The magnet izat ion c u r r e n t  i s  produced by t h e  g y r a t i o n  
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of t h e  p l a s m a  p a r t i c l e s  i n  t h e  magnetic f i e l d  and i t s  d e n s i t y ,  J 

may be expressed as 
"MI 

Here < v >  denotes  t h e  average magnetic moment and N t h e  number d e n s i t y  

of charged p a r t i c l e s .  Due t o  a g r a d i e n t  i n  t h e  magnetic f i e l d  o r  a 

curvature  of t h e  f i e l d  l i n e s ,  p a r t i c l e s  of oppos i t e  charge w i l l  d r i f t  

i n  oppos i t e  d i r e c t i o n s .  These d r i f t s  produce t h e  g r a d i e n t  d r i f t  c u r r e n t ,  

&, and the cu rva tu re  d r i f t  c u r r e n t ,  J They may be expressed as 4' 

and 
J = p ~ ~ c  B x (& . e b  ) * - -- 

B2 

where 

v, PII = s fd  

i s  t h e  p re s su re  along the  l i n e s  of f o r c e  and -_ b t h e  u n i t  v e c t o r  i n  t h e  

d i r e c t i o n  of t h e  magnetic f i e l d .  Thus t h e  t o t a l  e l e c t r i c  c u r r e n t  i n  

t h e  luna r  wake i s  taken t o  be 

~ I G R  - J  - -M +&+,I" 

and equat ion ( 3) becomes 

MGR 
-- v x B = -  4rr C J 

. 

S u b s t i t u t i n g  (5) i n t o  ( 7 )  y i e l d s  



- 15 - 

Since  t h e  magnetic moment < p >  i s  an a d i a b a t i c  i n v a r i a n t ,  t h e  l e f t -  

hand s i d e  of (8) can  be expanded i n t o  t h r e e  terms: 

The t h i r d  term i n  (9)  i s  i d e n t i c a l l y  equal  t o  & and hence shows 

t h a t  equa t ion  (8) can be reduced t o  

Thus t h e  d e n s i t y  of induced c u r r e n t  i n  t h e  l u n a r  wake can be expressed 

as 

The average magnetic moment < p >  can be expressed i n  terms of Bo/N, as 

where f3 is  the r a t i o  of t h e  perpendicular  p r e s s u r e  t o  t h e  magnetic 

p r e s s u r e  i n  t h e  plasma flow upstream o f  t h e  moon. 

v a l u e s  of T, = l@ -I@%, n = 2 - 5  p / c d  , B = 4-7 gamma i n  the  

i n t e r p l a n e t a r y  medium, (3 is of the  o r d e r  Qf  u n i t y .  

For r e p r e s e n t a t i v e  
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I n  t h e  lunar  wake, t he  e l e c t r o n  d e n s i t y  can d e v i a t e  from t h e  i o n  

d e n s i t y  only ve ry  s l i g h t l y  because o f  e l e c t r o s t a t i c  fo rces .  The 

i o n  flow i n  the  wake r eg ion  has been s tud ied  by 

Whang (1967). 

i n  t h e  v i c i n i t y  of t h e  moon is  t r e a t e d  as a f r e e  p a r t i c l e  flow i n  t h e  

guid ing  cen te r  l i m i t .  I n  o r d e r  t o  wr i te  h i s  s o l u t i o n  of i on  d e n s i t y  

d i s t r i b u t i o n  i n  s e l e n o c e n t r i c  s o l a r  e c l i p t i c  coord ina te s  w e  cons ide r  

t h a t  t h e  s o l a r  wind v e l o c i t y  is along t h e  h e l i o c e n t r i c  r a d i a l  d i r e c t i o n  

( - X  ) and t h e  i n t e r p l a n e t a r y  f i e l d  upstream i s  p a r a l l e l  

t o  t h e  plane of  t h e  e c l i p t i c ,  t h e  X-Y p lane .  The flow f i e l d  i s  

symmetrical about t h e  Z = 0 p lane .  The motion of  each  guid ing  c e n t e r  

p a r t i c l e  is r e s t r i c t e d  t o  a 2 = cons tan t  p lane .  The presence  of t h e  

moon does not  p e r t u r b  the  flow cond i t ions  i n  t h e  r eg ion  I Z I> %. 
Dividing t h e  per turbed  flow i n t o  t h r e e  r eg ions  a s  shown i n  

F igure  7 ,  t h e  d e n s i t y  d i s t r i b u t i o n ,  N ,  and t h e  pa ra l l e l  p re s su re ,  P can 

be expressed a s  

I n  h i s  male1 t h e  flow of magnetized s o l a r  wind p la sma  

S SE 

I I  ' 

i n  Region I1 N = (N0/2) e r f c  (y2S) 

= p [ N / N ~  + f i  y , ~  exp <-yz s2)1 
I1 I1 

where 

and 

yI = s i n  (CY + X)/sin(@-a-A) 

y,= s i n  (cu-l ) /s in  (@*-I) 

Q = a r c  sin[(R$ - Z")$ (2 + $)-'I 
4 = a r c  t a n  (Y/x)  

4 s = u /  (2k T , , / M ~ )  
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Here 

t h e  i o n s  p a r a l l e l  t o  t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  

and t h e  p a r a l l e l  p r e s s u r e  a r e  funct ions of t h e  speed r a t i o ,  S, and t h e  

d i r e c t i o n  ang le  o f  t h e  undis turbed magnetic f i e l d  @. 

T r e p r e s e n t s  t h e  average component of t h e  thermal v e l o c i t y  of 

The d e n s i t y  

I1 

Since  S is  t h e  r a t i o  of t h e  s o l a r  wind v e l o c i t y  t o  t h e  ion  thermal 

v e l o c i t y  p a r a l l e l  t o  t h e  f i e l d  l i n e s  i t  can va ry  cons ide rab ly  

i n  t h e  i n t e r p l a n e t a r y  medium. For solar wind v e l o c i t i e s  of 300 t o  

500 km/sec, a temperature  of 2 x l@ K i m p l i e s  speed r a t i o s  of 16.7 

t o  27.7 wh i l e  f o r  t h e  same range o f  s o l a r  wind v e l o c i t i e s  and a 

temperature  of 2 x IO5'% t h e  speed r a t i o s  range from 5.4 t o  12.5 

r e s p e c t i v e l y .  Thus t y p i c a l  va lues  of S range from about 5 t o  30. 

Because higher  temperatures  are u s u a l l y  found a t  t he  t i m e s  of h ighe r  

v e l o c i t i e s  a va lue  of S = 10 is  taken t o  be r e p r e s e n t a t i v e  of  normal s o l a r  

wind c o n d i t i o n s ,  based on the  speed r a t i o  of t h e  ions only.  

0 

R e p r e s e n t a t i v e  luna r  wake models r e s u l t i n g  from a p p l i c a t i o n  of 

(12) are shown i n  F igu re  8 f o r  speed r a t i o s  4 and 10. 

magnetic f i e l d  i s  assumed t o  be o r i e n t e d  a t  f h e  t h e o r e t i c a l  s p i r a l  

ang le  o f  @ = 135 a t  1 AU. It is seen t h a t  a l a r g e  speed r a t i o  l e a d s  

t o  a longe r  and more narrow wake region. The p r o j e c t i o n  of t h e  sample 

Exp lo re r  35 t r a j e c t o r y  i n  Figure 8 has been chosen i n  t h e  middle of 

t h e  t i m e  i n t e r v a l  covered by t h e  experimental  d a t a  d i scussed  i n  t h e  

p rev ious  s e c t i o n .  Whang (1967) has shown t h a t  t h e  s u r f a c e s  of c o n s t a n t  

i on  d e n s i t y  and f l u x  are very c lose  t o  being s p a t i a l l y  c o i n c i d e n t .  Thus 

f o r  t h e  remainder of t h i s  paper ,  we s h a l l  d i s c u s s  t h e  luna r  wake i n  

terms of t h e  d e n s i t y  contours  s ince  they a r e  e x p l i c i t l y  r e l a t e d  t o  

t h e  induced e l ec t r i c  c u r r e n t s .  

The i n t e r p l a n e t a r y  

0 
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In t h i s  f i g u r e  and i n  t h e  subsequent d i s c u s s i o n  t h e  umbra of 

t he  sol.ar wind p l a s m  shadow is  de f ined  as t h a t  r e g i o n  behind t h e  

moon f o r  which t h e  d e n s i t y  va lue  i s  below a p a r t i c u l a r  t h r e s h o l d  

s e l e c t e d .  

o r  1 pe rcen t  of t h e  unperturbed d e n s i t y  has been chosen. 

W i t h  t h i s  d e f i n i t i o n  t h e  l e n g t h  of t h e  umbra i n  t h e  case  S = 4 ,  

8 = 135' i s  seen t o  be 3 RM while  i n  t h e  case  S = 10,  8 = 135" t h e  

l eng th  is about 8 RM. 

I n  t h e  case  of t h e  d a t a  shown h e r e  t h e  v a l u e  N = . 0 1  No 

The l eng th  of t h e  luna r  umbradepends c r i t i c a l l y  not  on ly  upon 

t h e  speed r a t i o  S b u t  a l s o  f i e l d  o r i e n t a t i o n  8 .  

a parametr ic  se t  of curves  y i e l d i n g  t h e  l e n g t h  of t h e  l u n a r  plasma 

umbra, depending upon t h e  th re sho ld  f l u x  l e v e l  chosen, as a f u n c t i o n  

o f  speed r a t i o  S and f i e l d  o r i e n t a t i o n  9). This  f i g u r e  i l l u s t r v t e s  

t h e  e s s e n t i a l  f e a t u r e s  of t h e  l u n a r  wake dependency upoil f i e l d  

o r i e n t a t i o n .  The s h o r t e s t  t.mbra i s  obtained when t h e  f i e l d  is  o r i e n t e d  

perpendicular  t o  t h e  s o l a r  wind flow ( 3  = 90 ) ;  an i n f i n i t e l y  long 

umbra would be ob ta ined  f o r  f i e l d  l i n e s  p a r a l l e l  t o  the flow ( @  = 180 ) .  

In t e rmed ia t e  l e n g t h s  are obtained f o r  90 d.ip<: 180° w i t h  t h e  l e n g t h  

of t he  umbra being a s e n s i t i v e  f u n c t i o n  of  bo th  f i e l d  o r i e n t a t i o n  a s  

w e l l  as speed r a t i o  S .  

I n  F igu re  9 is shown 

0 

0 

0 

Considerable  symmetry e x i s t s  i n  the  t h e o r e t i c a l  s o l u t i o n  of s o l a r  

wind flow pas t  t h e  moon. 

sense of t h e  f i e l d  l i n e  a t  a g iven  d i r e c t i o n  i s  unimportant .  

i on  d e n s l t y  contours  shown i n  F igu re  8 are e q u a l l y  v a l i d  f o r  a f i e l d  

o r i e n t a t i o n  of qj = 315 ( = 1 8 C 0  -+ 1 3 5 O ) .  I n  a d d i t i o n ,  t h e  s o l u t i o n  

This  can be noted by observing t h a t  t h e  

Thus the I 

0 

can a l s o  be considered v a l i d  f o r  a f i e l d  o r i e n t a t i o n  o f  Q = 45O (360' - 
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315') o r  225' (360' - 135') i f  t h e  s e l e n o c e n t r i c  s o l a r  e c l i p t i c  

coord ina te  system is  r o t a t e d  about the X a x i s  so t h a t  Z i s  now 

d i r e c t e d  southward t o  t h e  e c l i p t i c  plane. Relative p o s i t i o n s  of a 

s a t e l l i t e  t r a v e r s a l  of t h e  luna r  wake would be correspondingly 

r o t a t e d .  

Using t h e  induced c u r r e n t  d e n s i t y ,  i on  d e n s i t y  and p a r a l l e l  

p r e s s u r e  g iven  above (Equat ions (11) and ( 1 2 ) ) ,  numerical s o l u t i o n s  

of e q u a t i o n  (4)  f o r  t h e  p e r t u r b a t i o n  of magnetic f i e l d  on t h e  e c l i p t i c  

are ob ta ined  by an i t e r a t i o n  p rocess  f o r  v a r i o u s  v a l u e s  of p /plo, S ,  

9 ,  and 8 .  The numerical  method employed i s  d i scussed  i n  d e t a i l  by 

Whang (1968). 

I1 0 

Numerical s o l u t i o n s  f o r  v a r i o u s  v a l u e s  of p /p 
I10 10 

( t h e  r a t i o  of 

p a r a l l e l  p r e s s u r e  t o  pe rpend icu la r  p re s su re  i n  t h e  unperturbed s o l a r  

wind) w i l l  be d i scussed  f i r s t .  The measured va lues  of p /p v a r y  

from 1.5 t o  4 under r e l a t i v e l y  q u i e t  cond i t ions  (Hundhausen e t  a l . ,  1967). 

S p e c i f i c  numerical  s o l u t i o n s  f o r  S - 10, @ = 135' and B = 1 are presented 

i n  F i g u r e  10 a t  two r a d i a l  d i s t a n c e s  ( R  = 2.5 % and R = 4.5 RM). 

parameter  p /p measures t h e  r e l a t i v e  importance of t h e  c u r v a t u r e  

d r i f t  c u r r e n t ,  JR/ JMGR. 

c u r v a t u r e  d r i f t  does enhance t h e  magnitude of t h e  magnetic f i e l d  p e r t u r b a t i o n ,  

bu t  t h e  g e n e r a l  f e a t u r e s  of t h e  f i e l d  p e r t u r b a t i o n  remain unchanged. 

i n d i c a t e s  t h a t  t h e  important f e a t u r e s  of t h e  f i e l d  p e r t u r b a t i o n  are 

a c t u a l l y  c o n t r o l l e d  by t h e  magnet izat ion c u r r e n t  &, and t h e  g r a d i e n t  

c u r r e n t  J 

of  2M) 

I10 lo 

The 

I10 10 

. From t h i s  f i g u r e  i t  can be seen  t h a t  t h e  

Th i s  

(probably t h e  e f f e c t  o f &  i s  i t s e l f  small compared t o  t h a t  
-4 

L e t t i n g  LG denote  t h e  sum of & and Jc, equa t ion  (10) shows t h a t  
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i s  p r o p o r t i o n a l  t o  B x cN. On t h e  p lane  o f  symmetry J is  
J~~ - - M G  - _  
perpendicular  t o  t h a t  p l ane  bu t  p o i n t s  i n  o p p o s i t e  d i r e c t i o n s  on e i t h e r  

s i d e  of t h e  shadow. 

inc rease  o f  magnetic f i e l d  i n  t h e  umbra and t h e  dec reases  i n  t h e  penumbra. 

The magnetic f i e l d  induced by JNG causes  t h e  

= 3 ,  S=7, fi = 1 and R = 3.5 % 
I, 0'Pl.O 

S p e c i f i c  s o l u t i o n s  f o r  p 

0 
are presented i n  F igu re  11 f o r  t h r e e  va lues  of  $4, 105', 135' and 165 . 
The n o t i c a b l e  e f f e c t  a s soc ia t ed  w i t h  t h e  va ry ing  f i e l d  o r i e n t a t i o n  may 

be understood a s  fo l lows .  I n  t h e  r eg ions  where t h e  magnittide of - VN i s  

r e l a t i v e l y  l a r g e ,  t h e  v e c t o r  VN 1 i s  n e a r l y  perpendicular  t o  t h e  d i r e c t i o n  

of  t h e  s o l a r  wind. When t h e  acu te  angle  between t h e  f i e l d  l i n e  and t h e  

s o l a r  wind d i r e c t i o n  decreases, JMG inc reases .  

bo th  l a rge r  i n c r e a s e s  and l a r g e r  dec reases  of t h e  magnetic f i e l d  i n  t h e  

wake reg ion  as shown i n  F igu re  11. A l s o  the  l eng th  of t h e  umbra changes 

w i t h  @ so t h a t  a t  a f i x e d  d i s t a n c e  from t h e  moon t h e  r e l a t i v e  p o s i t i o n  

i n  t h e  lunar  wake depends on  0. 

scale d i s t a n c e s  o f  t h e  t h r e e  so lu t ior i s  shown i n  F igu re  11 are  3.514.0 z . 8 8 ,  

3.517.8 = .45 and 3.5114. = .25. It  i s  seen t h a t  t h e  l a r g e s t  anomaly 

i s  obta ined  f o r  t h e  smallest  scale d i s t a n c e  o r  e q u i v a l e n t l y  f o r  t h e  

l a r g e s t  $. Note t h a t  t h e r e  are i n d i c a t i o n s  i n  t h e  bottom curve  of 

r e l a t i v e  magnitude i n c r e a s e s  e x t e r i o r  t o  t h e  penumbral d e c r e a s e s ,  as 

I n c r e a s i n g  JMG causes  

Thus a t  a d i s t a n c e  of R = 3..5%, t h e  

w e l l  as v a r i a t i o n s  w i t h i n  t h e  umbra. 

so lu t io i i s  IOC ci i iEereui  speeti ra t io . ;  ( 5  = 4 and 10) at. 

two r a d i a l  d i s t a n c e s  ( R  = 2 RM and K = 4 R ) are p l o t t e d  i n  F i g u r e  12. 

From t h i s  f i g u r e  we can see t h a t  t h e  v i i r i a t i o n s  of  t h e  magnitude 

p e r t u r b a t i o n s  a r c  smal l  f o r  d i f f - t > r e n t  speed ra t ios  if t h e  f i e l d  

o r i e n t a t i o n  is  h e l d  cons t an t .  I n  t h i s  figxire it nay be ncited thar" t h e  

two decrease? r eg ions  of t h e  penurn5rA b c  !:c o,,,py dno ~ ! ~ ~ s t ~ x  to each  

M 
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o t h e r  as t h e  speed r a t i o  S inc reases .  The reason f o r  t h i s  i s  t h a t  a s  

s i n c r e a s e s ,  t h e  wake becomes narrower and t h e  plasma d e n s i t y  changes 

over  a narrower reg ion .  The e f f e c t  becomes more apparent  as t h e  s c a l e  

d i s t a n c e  R i n c r e a s e s ,  

I n  t h e  r e s u l t s  presented  i n  Figure 13 t h e  e f f e c t  of vary ing  on 

t h e  p e r t u r b a t i o n  of t h e  magnetic f i e l d  can be seen. The t h r e e  curves 

f o r  b = 0.5, 1, and 2 a r e  n e a r l y  similar t o  one ano the r ,  and t h e  

magnitude of p e r t u r b a t i o n s  i s  approximately l i n e a r l y  p r o p o r t i o n a l  t o  t h e  

5 va lues .  As B- 0 , which corresponds t o  < p >  = 0 ,  t h e  t r i v i a l  s o l u t i o n  

of equa t ion  (10) .is t h a t  - B = > o  everywhere and t h e  i n t e r p l a n e t a r y  f i e l d  

w i l l  no t  be pe r tu rbed  by t h e  luna r  wake. Once a s o l u t i o n  i s  obta ined  

f o r  t h e  p e r t u r b a t i o n  of magnetic f i e l d  f o r  I3 = 1, t h i s  s i m i l a r i t y  r e l a t i o n  

may be used t o  e s t ima te  t h e  magnitude of  p e r t u r b a t i o n s  f o r  o t h e r  B 

v a l u e s .  

B = 1 and by Bo 

That is, denot ing  by B 1  t he  t o t a l  f i e l d  magnitude f o r  t he  case  

t h e  unperturbed i n t e r p l a n e t a r y  va lue  

B = Bo+ HB (B1-Bo). 

Where n is  found t o  be approximately 0.90. 
Q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  t h e s e  t h e o r e t i c a l  c a l c u l a t i o n s  

do produce some of t h e  f e a t u r e s  observed i n  t h e  s a t e l l i t e  d a t a .  The 

fo l lowing  s e c t i o n  w i l l  d i s c u s s  the  r e l a t i o n  o f  t h e  c a l c u l a t i o n s  t o  t h e  

measurements. 
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Discussion o f  R e s u l t s  

It  has been shown i n  t h e  previous s e c t i o n  t h a t  a f i r s t  o r d e r  

s o l u t i o n  of t h e  per turbed i n t e r p l a n e t a r y  magnetic f i e l d  i n  t h e  l u n a r  

wake d i s p l a y s  c h a r a c t e r i s t i c  umbral and penumbral anomalies s i m i l a r  

t o  t hose  experimental ly  observed. The magnitude of t h e  umbral i n c r e a s e s  

are  t h e o r e t i c a l l y  p r e d i c t e d  t o  be on t h e  o r d e r  of 10 t o  40 percen t .  

These magnitude anomalies a r e  i n  good agreement w i t h  experimental  

obse rva t ions .  The innermost penumbral dec reases  t h e o r e t i c a l l y  

p r e d i c t e d  a r e  less by a f a c t o r  of 2 t o  4 bu t  experimental  obse rva t ions  

i n d i c a t e  they a r e  of approximately t h e  same magnitude as t h e  umbral 

i n c r e a s e s .  F i n a l l y  t h e  experimental  evidence r e v e a l s  t h e  e x i s t e n c e  

of e x t e r i o r  penumbral i n c r e a s e s  whose e f f e c t s  are about t h e  same 

as t h e  umbral i n c r e a s e  and t h e  penumbral dec reases .  Only i n  t h e  

extreme case of t h e  f i e l d  o r i e n t a t i o n  approximately pa ra l l e l  t o  t h e  

I s o l a r  wind v e l o c i t y ,  as shown i n  t h e  bottom of F igu re  11,has  a s m a l l  

penumbral i nc rease  been p r e d i c t e d .  I t  is  be l i eved  t h a t  t h e  f a i l u r e  

of t h e  present  model t o  adequately e x p l a i n  t h e  penumbral d i p o l a r  anomalies 

i s  r e l a t e d  to  i t s  approximate n a t u r e .  

The s o l u t i o n s  which a r e  ob ta ined  by Whang (1968) are  approximate 

I 
and v a l i d  only i n  t h e  symmetry p l ane  of t h e  magnetized plasma flow 

around t h e  moon. A s  prev ious ly  noted t h e  induced e l e c t r i c  c u r r e n t s  

are not a x i a l l y  symmetric.  Thus if t h e  s a t e l l i t e  p a s s e s  

through t h e  lunar  wake a t  v a r i o u s  ang le s  w i t h  r e s p e c t  t o  t h e  plane 

c o n t a i n i n g  t h e  magnetic f i e l d  and t h e  s o l a r  wind v e l o c i t y  v e c t o r ,  t h e  

magnetic p e r t u r b a t i o n s  observed would be expected t o  be d i f f e r e n t .  

Indeed t h e  f i r s t  o r d e r  p e r t u r b a t i o n  theo ry  based upon t h e  z e r o t h  

o r d e r  model o f  t h e  l u n a r  wake suggests t h a t  t h e  narrowest  penumbral 



- 23 - 

anomalies are expected t o  be observed as the  s a t e l l i t e  pas ses  through 

a p lane  perpendicular  t o  t h i s  symmetry p lane .  The b roades t  anomalies 

would be observed i n  t h e  symmetry plane i t s e l f  w i t h  in t e rmed ia t e  

o r i e n t a t i o n s  and p o s i t i o n s  y i e l d i n g  in te rmedia te  cases  between t h e s e  

two extremes. 

An at tempt  has been made i n  t h e  p r e s e n t a t i o n  of t he  experimental  

d a t a  t o  cons ider  t h i s  f a c t .  I n  t h e  upper r i g h t  hand corner  of each 

of t h e  sa te l l i t e  t r a v e r s e s  shown i n  Figures  1-6 i s  t h e  s a t e l l i t e  

o r b i t a l  t r a c e  p ro jec t ed  i n t o  t h e  Y - 2  plane.  The 2 a x i s  i s  s e l e c t e d  

pe rpend icu la r  t o  t h e  symmetry p lane  which i s  def ined  

i n  t e r m s  of  t h e  average preshadow i n t e r p l a n e t a r y  magnetic f i e l d  

o r i e n t a t i o n  and t h e  moon-sun l i n e .  Without d i r e c t  measurements of 

t h e  i n t e r p l a n e t a r y  p lasma flow v e l o c i t y  t h i s  symmetry p lane  is only 

approximate but  should be v a l i d  wi th in  approximately loo. 

t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i s  observed t o  f l u c t u a t e  over  a 

s i m i l a r  range and hence t h e  diagrams only i n d i c a t e  approximate r e l a t i v e  

p o s i t i o n s .  The arrow p l o t t e d  r ep resen t s  t h e  trace of t h e  s a t e l l i t e  

o r b i t  through t h e  o p t i c a l  shadow wi th  t h e  t a i l  corresponding t o  the  

p o i n t  of  e n t r y  i n t o  t h e  shadow and the head corresponding t o  t h e  p o i n t  

of e x i t  from t h e  shadow. 

I n  a d d i t i o n  

As can be noted i n  F igu res  1-6 only a very  few c a s e s  s a t i s f y  t h e  

requirement  of  t h e  s a t e l l i t e  t r a j e c t o r y  be ing  approximately i n  t h e  

symmetry p lane  of plasma flow around t h e  moon. However, i n  s e v e r a l  

of  t h e  cases  shown t h e  f i e l d  i s  nea r ly  p a r a l l e l  t o  t h e  moon-sun l i n e  

so  t h a t  t h e  wake i s  nea r ly  a x i a l l y  symmetric. For  those  cases  near  t h e  

p l ane  o f  symmetry o r  w i th  a x i a l  symmetry it  i s  p o s s i b l e  t o  d i r e c t l y  

compare t h e  r e s u l t s  w i t h  theory .  Cer ta in  parameters  a r e  s t i l l  unknown 
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however, namely t h e  speed r a t i o ,  S ,  and t h e  v a l u e  of B .  I n  a 

f u r t h e r  a t tempt  t o  i n t e r p r e t  t h e  experimental  measurements t h e  

appropr i a t e  va lue  of t h e  p l a n e t a r y  magnetic a c t i v i t y  index Kp is  

included i n  F igu res  1 through 6. It i s  known t h a t  high va lues  of 

Kp gene ra l ly  correspond t o  inc reased  v a l u e s  of s o l a r  plasma v e l o c i t y ,  

implying a l a r g e  speed r a t i o ,  S .  Unfo r tuna te ly ,  t h e  r e l a t i o n s h i p  

of t h e  s o l a r  plasma temperature  t o  t h e  a c t i v i t y  index Kp is  not  y e t  

known. However, u n l e s s  t h e  temperature i n c r e a s e s  much more r a p i d l y  w i t h  

Kp than  does Uo, it i s  s t i l l  reasonable  t o  assume t h a t  i n  f a c t  S i t s e l f  

w i l l  i nc rease  because o f  t h e  square r o o t  dependency of S on T . 
I I  

A review of t h e  experimental  r e s u l t s  i n  the  l i g h t  of t h e  

d i s c u s s i o n  of t h e  s a t e l l i t e  motion r e l a t i v e  t o  t h e  synxnetry p l ane  

and t h e  magnetic a c t i v i t y  index l e a d s  t o  t h e  fol lowing conclusion.  A s  

t h e  Kp index i n c r e a s e s  t h e  width of t h e  wake r e g i o n  through which t h e  

s a t e l l i t e  pas ses  appears  t o  dec rease  i f  due r ega rd  is given t o  t h e  

s a t e l l i t e  motion r e l a t ive  t o  t h e  symmetry plane.  More p r e c i s e  

comparisons of t he  t h e o r e t i c a l  model p re sen ted  h e r e i n  and t h e  observed 

i n t e r p l a n e t a r y  magnetic f i e l d  p e r t u r b a t i o n s  w i l l  r e q u i r e  t h e  i n t r o d u c t i o n  

of s p e c i f i c  p l a sma  parameters d e f i n i n g  t h e  speed r a t i o  and t h e  l3 value 

f o r  t h e  p l a s m a .  

I n  the  work of Colburn e t  a l .  (1967) ,  i t  has been suggested 

t h a t  t h e  i n c r e a s e s  and d e c r e a s e s  of magnetic f i e l d  i n  t h e  l u n a r  wake can  

be explained by means of  t h e  equa t ion  

B2 + n k T, = c o n s t a n t  
8T 
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T h i s  d e s c r i b e s  the  balance of  t o t a l  plasma and f i e l d  p r e s s u r e  i n  a 

d i r e c t i o n  t r a n s v e r s e  t o  t h e  magnetic l i n e s  of f o r c e .  

magnetic f i e l d  i s  no t  p a r a l l e l  t o  t he  d i r e c t i o n  of t h e  wake, t h e  magnetic 

f i e l d  s t r e s s - i s  a t e n s o r  q u a n t i t y ,  and i t s  magnitude i s  q u i t e  d i f f e r e n t  

from B2/817 i n  a d i r e c t i o n  o t h e r  t han  t r a n s v e r s e  t o  t h e  l i n e s  of f o r c e .  

S p e c i f i c a l l y  t h e  magnetic f i e l d  e x e r t s  a t e n s i o n  of magnitude B2/4n 

d i r e c t e d  along t h e  l i n e s  of f o r c e  as w e l l  as a p r e s s u r e .  

I n  gene ra l  t h e  

The argument by Colburn e t  a l .  (1967) t h a t  t h e  penumbral dec rease  

of B i s  due t o  an i n c r e a s e  of TI i m p l i e s  t h a t  t h e  magnetic moment is not  

conserved i n  t h e  wake r eg ion ,  

penumbral dec reases  i n  the  work by Johnson and Midgley (1967) and M i d e l  

(1967b) is based upon t h e  assumption t h a t  t h e  s o l a r  p lasma behavior i n  

t h e  wake i s  desc r ibed  by a f l u i d  flow model. 

The use  of an expansion f a n  model of t h e  

I n  t h e  work p resen ted  i n  t h i s  p a p e r ,  Maxwell’s equa t ions  are solved 

d i r e c t l y  so t h a t  t h e  t e n s i l e  stress i s  not ignored. 

t h a t  t h e  induced e l e c t r i c  c u r r e n t s  due t o  diamagnetism o f  t h e  p l a sma ,  

t h e  g r a d i e n t  d r i f t  and t h e  curvature  d r i f t  a r e  t h e  primary mechanisms 

d i s t u r b i n g  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i n  t h e  wake r eg ion .  Furthermore,  

s i n c e  t h e  model i s  based on t h e  independent motion of p a r t i c l e s  i n  t h e i r  

s e l f  c o n s i s t e n t  f i e l d s ,  c o l l e c t i v e  e f f e c t s  such a s  a t a i l  shock p r e d i c t e d  

by Michel (1967a,b) a r e  not expected. 

g i v e  no evidence f o r  a t a i l  shock. 

I t  i s  suggested h e r e  

Thus f a r  t h e  experimental  r e s u l t s  

When compariiig t h e  GSFC magnetometer d a t a  wi th  t h a t  publ ished 

by Colburn e t  a l .  (1967) from the  ARC magnetometer experiment 

t h e  sharp dec rease  t o  5.3y shown in t h e i r  F igu re  3 near 1425 UT 
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on Ju ly  31 i s  no t  observed-(See  F igure  14). 

t h e  NASA-GSFC experiment measures a 6 . 9 ~  magnitude average, which 

i s  approximately 0 . 5 ~  l e s s  than  t h e  ARC va lue  wh i l e  t h e  weakest f i e l d  

measured is 6 . 5 ~ .  It would appear t h a t  t h e  ARC d a t a  f o r  t h i s  

p a r t i c u l a r  i n t e r v a l  i nc lude  some spur ious  d a t a  p o i n t s  no t  e l imina ted  

i n  t h e i r  a n a l y s i s .  The a s s o c i a t e d  phys ica l  i n t e r p r e t a t i o n s  are inapp l i cab le .  

From 1415-1430, 

r 

One p a r t i c u l a r  advantage of  t h e  phys ica l  model proposed he re  i s  

i t s  a b i l i t y  t o  numer ica l ly  p r e d i c t  t h e  penumbral i n c r e a s e s  and dec reases  

exper imenta l ly  observed so c l e a r l y .  It i s  suggested t h a t  t h e  penumbral 

v a r i a t i o n s  be  viewed as p e r i o d i c  s t r u c t u r e s  which arise from t h e  

g rad ien t  of plasma d e n s i t y  i n  t h e  d i s t u r b e d  flow f i e l d  around t h e  

moon. The f i r s t  o r d e r  s o l u t i o n s  produce p r i m a r i l y  dec reases  i n  t h e  

penumbra h u t  sugges t  a p e r i o d i c  s t r u c t u r e  i n  some cases .  F u r t h e r  

i t e r a t i o n  may b e  expected t o  produce bo th  i n c r e a s e s  and dec reases  

as t h e  s e l f - c o n s i s t e n t  s o l u t i o n  i s  approached. Work i s  p r e s e n t l y  

i n  progress  a long t h e s e  l i n e s  and w i l l  be r epor t ed  i n  t h e  f u t u r e .  

I n  t h i s  s tudy ,  t h e  e x p l i c i t  e f f e c t  of t h e  induced e l e c t r i c  f i e l d s  i n  

t h e  wake r eg ion  has  been assumed t o  be n e g l i g i b l e .  I f  t h i s  i s  not  v a l i d ,  

however, t h e r e  w i l l  no t  b e  major d i f f e r e n c e s  i n  t h e  s o l a r  wind 

flow p a t t e r n  o r  magnetic f i e l d  p e r t u r b a t i o n s .  The p r i n c i p a l  e f f e c t  

would be f o r  t he  e lec t rons ,which  have a much lower speed 

r a t i o , S e ,  t o  a t tempt  t o  fill  i n  t h e  luna r  umbra f a s t e r  t han  t h e  ions .  

The r e s u l t a n t  e l e c t r i c  f i e l d  would f o r c e  t h e  ions  t o  f i l l  i n  t h e  umbra 

f a s t e r  than p red ic t ed  based upon 

n e t  r e s u l t  is t o  r e q u i r e  t h e  computation of an e f f e c t i v e  speed r a t i o ,  

t h e i r  own speed r a t i o ,  S F .  Thus, t h e  
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which is lower than  S i ,  f o r  determining t h e  geometry of t h e  luna r  

wake. I n  t h e  absence of d i r e c t  measurements of t h e  s o l a r  wind 

e l e c t r o n  temperature ,  Te,  t h i s  would then  i n d i c a t e  a way of e s t i m a t i n g  

Te from t h e  discrepancy between t h e  observed wake geometry and the  

wake p r e d i c t e d  us ing  a speed r a t i o  S i  based only upon i o n  temperatures .  

However, as noted i n  t h e  r e s u l t s  presented i n  F igu re  1 2 ,  t h i s  may not 

be a s e n s i t i v e  method t o  measure T, s i n c e  t h e  pe r tu rbed  i n t e r p l a n e t a r y  

magnetic f i e l d  d i f f e r s  only s l i g h t l y  from a va lue  of S=10 t o  S=4. 

An important f e a t u r e  of t h e  observed magnetic p e r t u r b a t i o n s  i n  t h e  luna r  

wake is  t h e i r  v a r i a b i l i t y .  Sometimes they  a r e  q u i t e  prominent while  a t  

o t h e r  t imes they a r e  too  small  t o  i d e n t i f y .  For i n s t a n c e  i n  F igu re  l a  

t h e  i n c r e a s e s  and dec reases  are r e a d i l y  i d e n t i f i e d  wh i l e  i n  l b  they a r e  

q u i t e  vague. S i m i l a r l y  t h e  pas ses  i n  F igu re  2 ,  p a r t i c u l a r l y  2a,  show 

v e r y  s m a l l  amplitude changes w i t h  only a h i n t  of t h e  c h a r a c t e r i s t i c  

+ - + - + behav io r .  

These changes i n  t h e  amplitude of t h e  magnetic p e r t u r b a t i o n s  a r e  

r e l a t e d  t o  t h e  parameter 13 . A s  $ 4  0 ,  the amplitude of t he  p e r t u r b a t i o n s  

a l s o  van i shes .  Thus i t  i s  expected t h a t  t h e  per iod from J u l y  30 t o  

August 1 w a s  one of small  B and t h a t  both b e f o r e  and a f t e r  t h i s  t i m e  t he  

plasma energy d e n s i t y  was g r e a t e r .  Fu tu re  comparison w i t h  t h e  d a t a  from 

t h e  MIT plasma probe should v e r i f y  t h i s  p o i n t .  U l t ima te ly  it  i s  planned 

t h a t  measurements of both S and B w i l l  be used t o  compute t h e  magnetic 

p e r t u r b a t i o n s  f o r  t h e  purpose of comparing w i t h  the  magnetometer measurements. 
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Summary 

Repeated measurements from s e l e n o c e n t r i c  o r b i t  by t h e  Lunar Explorer 

35 NASA-GSFC magnetic f i e l d  experiment give no evidence f o r  t h e  e x i s t e n c e  

of a l una r  bow shock wave o r  a s t and ing  shock behind t h e  moon. The 

i n t e r p l a n e t a r y  magnetic f i e l d  appears  t o  be convec t ive ly  t r a n s p o r t e d  through 

t h e  moon w i t h  l i t t l e  d i s t o r t i o n  and hence t h e  t h e o r e t i c a l  model proposed 

by Gold (1966) and i n t e r p r e t e d  by t h e  Luna 10 measurements (Dolginov e t  a l . ,  

1967) i s  not supported.  Var i a t ions  of t h e  magnitude of t h e  magnetic f i e l d  

show s o l a r  plasma umbral i n c r e a s e s  of approximately 10 t o  30 percent  w i t h  

p e r i o d i c  v a r i a t i o n s  of s i m i l a r  magnitude i n  t h e  s o l a r  plasma penumbra. 

Var i a t ions  of t h e  d i r e c t i o n  of t h e  magnetic f i e l d  a r e  g e n e r a l l y  less t h a n  

2 8 -  30°. 

wi th  t h e  i n t e r i o r  + r e p r e s e n t i n g  t h e  umbral i n c r e a s e  and t h e  e x t e r i o r +  - 
and - +  r e p r e s e n t i n g  t h e  p e r i o d i c  (here  d i p o l a r )  v a r i a t i o n s  i n  t h e  penumbra. 

A c h a r a c t e r i s t i c  p a t t e r n  of t h e  magnitude anomalies i s  + - + - + 

From the j o i n t  experimental  and t h e o r e t i c a l  r e s u l t s  ob ta ined  thus  f a r ,  

i t  appears  t h a t  t h e  magnetic f i e l d  p e r t u r b a t i o n s  i n  t h e  l u n a r  wake a r e  of 

complex geometry depending c r i t i c a l l y  upon t h e  s o l a r  wind veloci ty ,  d e n s i t y  and 

temperature  as  w e l l  a s  t h e  f i e l d  o r i e n t a t i o n ,  0. The speed r a t i o ,  S ,  mea- 

s u r e s  t h e  r e l a t i v e  magnitudes of t h e  s o l a r  wind v e l o c i t y  and thermal  i o n  

v e l o c i t y  p a r a l l e l  t o  t h e  f i e l d  l i n e  and i s  a c r i t i c a l  dimensionless  para-  

meter employed i n  t h e  a n a l y s i s .  The parameter @ i s  a l s o  c r i t i c a l .  

It i s  tempting t o  conclude t h a t  higher  o rde r  i t e r a t i o n s  of t h e  plasma 

and f i e l d  equat ion w i l l  l e ad  t o  a more s e l f - c o n s i s t e n t  s o l u t i o n  and t h u s  

will provide b e t t e r  agreement wi th  obse rva t ions .  A t  presen t  t h e  absence 

of d e f i n i t i v e  plasma d a t a  precludes exact comparisons of t h e  experimental  
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r e s u l t s  f o r  t hose  few e x i s t i n g  cases i n  which t h e  s a t e l l i t e  o r b i t  i s  

approximately i n  t h e  symmetry plane of plasma f low.  The changing n a t u r e  

of t h e  i n t e r p l a n e t a r y  medium on both sho r t  and long t i m e  scales prec ludes  

a s t a t i s t i c a l  s tudy .  As a d d i t i o n a l  experimental  d a t a  a r e  obta ined  and i n  

p a r t i c u l a r ,  from simultaneous observa t ions  of t h e  i n t e r p l a n e t a r y  medium, 

by s e p a r a t e  s a t e l l i t e s  a more comprehensive comparison w i t h  theo ry  w i l l  be 

p o s s i b l e .  

It i s  suggested t h a t  t h e  pe r iod ic  n a t u r e  of t h e  f i e l d  o s c i l l a t i o n s  

i n  t h e  luna r  wake a r e  c h a r a c t e r i s t i c  of t h e  d i s t u r b e d  plasma f low around 

t h e  moon. On t h e  b a s i s  of t h e s e  r e s u l t s  and t h e  t h e o r e t i c a l  model p re -  

s en ted ,  it i s  not  expected t h a t  a t a i l  shock w i l l  be observed i n  t h e  luna r  

wake, a s  proposed by Michel (1967a,b) . 
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FIGURE CAPTIONS 

F igu re  1 Magnetic f i e l d  measurements, p resented  i n  s e l e n o c e n t r i c  s o l a r  

e c l i p t i c  c o o r d i n a t e s ,  ob ta ined  on J u l y  29 and 3 3 ,  1957, by 

Explorer  35. P e r t u r b a t i o n s  of t h e  i n t e r p l a n e t a r y  magnetic 

f i e l d  i d e n t i f i e d  a s  r e l a t i v e  i n c r e a s e s  (+) and r e l a t i v e  

decreases  (-) a r e  ind ica t ed  above t h e  magnitude r e s u l t s .  

The Kp index of t e r r e s t r i a l  magnetic a c t i v i t y  f o r  29 J u l y  was 

3+ 4-  3- 1+ O+ 2- 2 4 ,  and f o r  30 J u l y  was 4+ 5 5- 1+ 1 O+ 1- O+ 

See t e x t .  

F igu re  2 Magnetic f i e l d  measurements, p resented  i n  s e l e n o c e n t r i c  s o l a r  

e c l i p t i c  coord ina te s  obta ined  on August 1, 1967 by Explorer  

35. 

was 1- 1- M. 2- 1 2- 1+ O+. 

The 5 index of t e r r e s t r i a l  magnetic a c t i v i t y  f o r  1 August 

F igu re  3 Magnetic f i e l d  measurements, p resented  i n  s e l e n o c e n t r i c  s o l a r  

e c l i p t i c  coord ina te s  obta ined  on August 2 ,  1967, by Explorer  

35. 

was Dt O+ 0 1+ O+ O+ Dt l+. 

The Kp index of t e r r e s t r i a l  magnetic a c t i v i t y  f o r  2 August 

F igu re  4 Magnetic f i e l d  measurements, p re sen ted  i n  s e l e n o c e n t r i c  s o l a r  

e c l i p t i c  coord ina te s ,  ob ta ined  on August 3 and 4 ,  1967, by 

Explorer  35. The Kp index o f  t e r r e s t r i a l  magnetic a c t i v i t y  

f o r  3 August was 0 O+ O+ O+ 1 1 1 2 and on 4 August was 

1 1- 2+ 1 3  3 2+ 2 - .  

Figure  5 Magnetic f i e l d  measurements, p resented  i n  s e l e n o c e n t r i c  s o l a r  

e c l i p t i c  coord ina te s ,  ob ta ined  on August 4 and 5 ,  1967 by 

Explorer  3 5 .  The K index of t e r r e s t r i a l  magnetic a c t i v i t y  

f o r  5 August  was 3+ 1+ 1+ 2 2+ 2+ 2+ 2- 1. 

c a p t i o n  f o r  Kp va lues  on 4 August. 

P 

See F igure  4 
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F i g u r e  6 

F i g u r e  7 

F i g u r e  8 

F i g u r e  9 

F igu re  10 

Magnetic f i e l d  measurements, p re sen ted  i n  s e l e n o c e n t r i c  s o l a r  

e c l i p t i c  c o o r d i n a t e s ,  obtained on August 5 and 6, 1967, by 

Explorer 35. The Kp index of t e r r e s t r i a l  magnetic a c t i v i t y  on 

August  6 was 1- 2 1 + 2 1 1 - 2+ 2+. See F i g u r e  5 c a p t i o n  f o r  

Kp values  on August 5. 

Represen ta t ion  of c h a r a c t e r i s t i c  r e g i o n s  of pe r tu rbed  plasma 

flow surrounding moon (Whang, 1967).  

P r o j e c t i o n  of o r b i t  of Explorer 35 o n e c l i p t i c  p l ane  i n  l u n a r  

wake. The i n t e r p l a n e t a r y  magnetic f i e l d  i s  assumed t o  l i e  i n  

t h e  e c l i p t i c  plane a t  an angle  of 135 t o  t h e  e a r t h - s u n - l i n e .  

Contour l i n e s  of uniform d e n s i t y  a t  i n t e r v a l s  of N = 0.01, 0.1, 

0 

0 .5 ,  0 .9  and 0.99 of t h e  undis turbed flow f i e l d  No a r e  p re sen ted .  

U r e p r e s e n t s  t h e  umbral and P t h e  penumbral r e g i o n s  i n  t h e  flow 

f i e l d a s s u m i n g  a th re sho ld  of N = 0.01 No and 0.99 No 

The l eng th  of t h e  luna r  wake, de f ined  by t h e  f r a c t i o n  of f r e e  

stream d e n s i t y  N/No,  a s  a f u n c t i o n  of t h e  magnetic f i e l d  o r i e n t a t i o n ,  

0. Two f a m i l i e s  of curves a r e  shown corresponding t o  t h e  two 

speed r a t i o s  S = 4 ,  10. 

T h e o r e t i c a l  pe r tu rbed  i n t e r p l a n e t a r y  magnetic f i e l d ,  F ,  r e l a t i v e  

t o  f r e e  stream va lue  Fo i n  t h e  symmetry p l a n e  a t  R/Rm - 2.5 and 

4 .5  f o r  S = 10, @ = 135' and B = 1. D i f f e r e n t  s o l u t i o n s  f o r  

p,,o/pLo = 2 and 5 are compared w i t h  t h e  s o l u t i o n  for  & = 0. 
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Figure  11 T h e o r e t i c a l  per turbed i n t e r p l a n e t a r y  magnetic f i e l d ,  F ,  r e l a t i v e  

t o  f r e e  Stream value Fo i n  t h e  symmetry plane a t  R/RM = 3.5  f o r  

S = 7, = 1, and t h r e e  values of 0.  

F igu re  1 2  T h e o r e t i c a l  per turbed i n t e r p l a n e t a r y  magnetic f i e l d  F ,  r e l a t i v e  

t o  f r e e  s t ream va lue  Fo and d i r e c t i o n  0 i n  symmetry plane f o r  

0 = 135O, @ = 1 and R/RM = 2 and 4 .  
".. 

D i f f e r e n t  s o l u t i o n s  f o r  

speed r a t i o s  of 4 and 10 a r e  i n d i c a t e d .  The symmetry of t h e s e  

s o l u t i o n s  i s  ind ica t ed .  

F igu re  13  T h e o r e t i c a l  pe r tu rbed  i n t e r p l a n e t a r y  magnetic f i e l d  F ,  r e l a t i v e  

t o  f r e e  stream va lue  F 

4.0 f o r  S = 7 ,  Gf = 135" and p 

p = 0.5, 1 and 2 a r e  ind ica t ed .  

i n  t h e  symmetry p l ane  a t  R/Rm = 1 . 7  and 
0 

/ p  =2 .  D i f f e r e n t  s o l u t i o n s  f o r  
( I 0  LO 

F i g u r e  14 Magnetic f i e l d  measurements, p re sen ted  i n  s e l e n o c e n t r i c  s o l a r  

e c l i p t i c  c o o r d i n a t e s ,  obtained on J u l y  31, 1967 by t h e  NASA-GSFC 

experiment on Explorer  35. The Kp index of t e r r e s t r i a l  magnetic 

a c t i v i t y  f o r  J u l y  31 w a s  O+ O+ O+ 0 O+ @I- O+ 0-t. 
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